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INTRODUCTION 
The general practice of acoustic leak location relies on two different physical 
phenomena for determining source location: 1) reduction in signal amplitude with 
increasing distance from the source (attenuation-based methods), and 2) increase in signal 
transittime with increasing distance from the source (time-of-flight-based methods). The 
work discussed here describes efforts at ISU directed at gaining first-principle 
understanding of the underlying physical phenomena of multi-mode dispersion in fluid 
filled pipes and to developing time-of-flight source location data processing for such 
dispersive systems. Results are presented for work detailing the characteristics of pipe 
propagation, as weil as the effect of those characteristics on cross-correlation analysis. 
Theoretical and experimental results are also shown for two approaches which potentially 
overcome the limitations of cross-correlation techniques. 
CROSS-CORRELATION ANALYSIS 
The standard approach to time-of-flight leak location is through the use of cross-
correlation techniques, which, although widely used, suffer from severallimitations in this 
application. Specifically, they do not account for the effects of multi-mode dispersion of 
the acoustic signal as it propagates along the pipe. The analysis assumes that received leak 
signals are simply time-delayed replicas of the signal generated at the source, where the 
time delay is directly related to the distance between the two sensors and the source. A 
peak in the cross-correlation function indicates the time delay and, through the speed of 
sound in the pipe, the location ofthe source. Unfortunately, real piping systems are highly 
dispersive, and multi-mode dispersive propagation severely affects the temporal 
dependence of the source signal. That is, the signal "shape" does not remain constant as it 
travels down the fluid-filled pipe. Further, the greater the distance from the source, the 
greater the effects of dispersion on the signal become. 
Computer simulations on a model 2" pipeline show very clearly the effect 
dispersion has on a cross correlation analysis. In a dispersive environment, the cross-
correlation analysis does not result in a delta function at the leak location as it does in an 
ideal (i.e. non-dispersive) system. Figures l a and l b show the results of a cross-correlation 
of simulated leak signals in a dispersive environment, with a leak source placed between 
two sensors spaced 30ft. apart. In Figure la, with the leak located exactly 15ft. from either 
sensor, the source location is apparent because the signals have traveled exactly the same 
distance in either direction and are therefore very similar to one another. However, when 
the source is no Ionger symmetrically placed, the source location becomes more difficult to 
determine. Since energy in a dispersive system propagates through multiple modes, each 
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with a different velocity, the cross-correlation shown in Figure I b does not produce a well-
defined peak at the source location. This degradation can result in a significant reduction in 
cross-correlation effectiveness, and in fact becomes even more pronounced in a real system, 
where ambient background noise and system complications also play a roJe. 
Solving this problern requires developing more sophisticated means of determining 
source location which account for the multi-mode dispersive characteristics of pipelines. 
To facilitate this objective, a mathematical model has been developed to describe these 
complex dispersion characteristics, and several possible location algorithms have been 
investigated which account for those characteristics in the signal processing portion of the 
location measurement. The model and two of the approaches are outlined below. 
DISPERSIVE PIPELINE MODEL 
To investigate the complex nature of dispersive propagation in fluid-filled pipes, a 
modelwas developed around the simplest case of a point source located axi-symmetrically, 
i.e. radially centered, within the fluid (water) of an infinitely long 2" steel pipe surrounded 
by air. The work is similar to studies done by other investigators1-3, with the addition of a 
third fluid outside the pipe to simulate potential backfill materials. The model has the form 
VA (w) = I,vnA (w) 
(I) 
This simply states that the frequency spectra of any signal received at some sensor location 
A, VA(w), is the sum ofn modes ofpropagation, where each mode is composed of an 
amplitude, An (w) , and a phase term containing the wave number, gn( W), and the distance ZA 
to the source. Fora continuous noise signal, the individual mode amplitudes can be further 
defined by 
An (W) = Hn (w)n(w) 
where H n ( w) is the impulse response of the system, and n( w) is the actualleak noise 
signal of interest. 
(2) 
Velocity is dispersive, so the phase and energy velocities of each mode can be found from 
source location: 15 ft from A source loca!lon: 10ft from A 
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Figure Ia, b: Cross-correlation in a dispersive environment 
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c" = w I g" (W) 
e( ) - I d(g" (w)) 
c" w - w dw 
(3) 
respectively. 
Defined for the axi-symmetric case described above, Equation 2 can be solved for 
the individual modes. Figure 2 shows the dispersion relations for the first 5 symmetric 
modes, labeled A-E, where the spatial frequency plotted on the vertical axis is equal to the 
inverse wavenumber. Note the areas of the plot showing a correlation between the modes' 
energy velocities and both the L-wave velocity in steel and the acoustic speed of water. 
An examination of radial displacements associated with each of the individual modes A - D 
(not shown herein the interest of space) shows that mode Ais the least dispersive of the 
modes, whereas modes B, C, and D are all highly dispersive. For the band-pass signals 
studied (1 - 100kHz), mode B appears to make the largest contribution to the total received 
signal, followed by modes C, A, and D, where the mode D contribution is almost 
negligible. Further investigation has also shown that modes B and C, the largest 
contributors to the signal, carry the largest portion of their energy above 28 kHz and 40 
kHz, respectively. 
The model was corroborated by generating simulated waveforms which were then 
compared to waveforms collected from a test pipeline set up to match the parameters of the 
model, i.e., axi-symmetric source located in the fluid. In this case, a 500 kHz center-
frequency, broadband transducer was coupled directly to the water through a thin rubber 
membrane to act as a source, while a 10-100 kHz transducer was attached to the pipe wall 
through a point-contact waveguide to act as the receiver. Figures 3a and 3b show 
theoretical and experimental waveforms, respectively, obtained in this way. While the 
amplitudes of the waveforms are not directly comparable, it is obvious that the waveforms 
are very similar in both structure and duration. Other comparisons at source-receiver 
distances up to 60 PD show similar results. 
FIRST METHOD: TRANSFORM IN TIME AND SP ACE 
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Figure 2: Pipeline model dispersion properties 
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Given the previous results, the question then becomes one of actually determining 
the location of a leak. One possible method uses an analysis similar to that used by 
Alleyne4 for surface waves in flat plates. Assuming the modes presented in Figure 2 can be 
isolated, we can consider the following expression: 
J lfnA((t))lf:*((t))eif(m)d(t) 
= J ~\ro)A:*(ro)e'(g,(m)z.-g,.<.,>z•>eif<m.z>dro, (4) 
which contains the model expressions from Equation 1 at two sensor locations A and B, as 
weil as an additional phase expression containing an arbitrary function f( m,z). It is desired 
that f( m,z) have conjugate phase of VtV ,:· when z is at the location of the leak. Note, 
then, that if n=m (i.e. the modes are the same), f( m)=gn( m)(zA-ZB). Further, if the frequency 
dependent wavenumber is linear with frequency, i.e. gn( m) = mlk, where k is a constant, 
then Equation 4 is the cross-correlation function . 
To isolate the individual modes, a spatial array of time-series waveforms are 
collected and their spectra V ( m, z) transformed into the temporal-spatial frequency 
plane V (m, y) using the expression 
6 
V (m, y) == J V(m,z)e -'lZdz 
6 
== LAn(m) J e'~.<ru>z-•'IZdze'~.<wJz, 
-6 
==LA (m)2~ sin(~(y- g" (m))) e•c.<wJz,. 
n n ~(y-gn (m)) 
(5) 
Figure 4 illustrates the concept for a sensor located at some distance ZA from the source. 
Close examination of Equation 5 shows that if, for sufficiently large values of ~. the spatial 
frequency y is set equal to the wavenumber of a particular mode gm( m), the sinc function 
reduces to approximately the delta function for modes n and m. That is, 
sin(~(gm (m)- gn (m))) "" 8 . 
~(gm(m)-gn(m)) nm (6) 
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Figure 3a, b: Theoretical and experimental waveforms 
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Figure 4: Spatial data collection procedure 
As a result, Equation 5 can be reduced to 
V(ro,gm(ro)) = Am(ro)e'8m(ru)z, 
meaning that a transformation of a spatial data set should yield a plot of the individual 
modes within the signal, similar to the dispersion plot shown in Figure 2. 
(7) 
To verify the time-space transformation algorithm, an experiment was conducted 
using a 63ft. section of 2" galvanized schedule 40 steel pipe and the same source-receiver 
arrangement described above. Data were collected at 81 points along the pipe surface at I 
cm intervals starting at 10 pipe diameters (PD) from the source. (Note that in the case of a 
real, continuous leak signal it would have been necessary to capture all 81 data points 
simultaneously .) Each data pointwas bandpass filtered from 1-100kHz and averaged 
twenty-five times to eliminate ambient background noise. A similar set of data was then 
generated using the model presented in Equation 1, and both data sets analyzed using the 
method presented in Equation 5-7. The results are shown in figures 5a and b. Obviously, 
the plots are very similar. Three of the prominent symmetric modes indicated in Figure 5a, 
(modes A, B, and C shown in Figure 2), are apparent in the experimental data shown in 
Figure Sb. Indications of the fourth mode can be seen as weil, though not as clearly, 
starting at approximately 65 kHz. Figure Sb also shows the presence of several other 
modes, between mode B and C, for example, which are believed to represent the non-
symmetric characteristics of the fluid-pipe system. Additionally, the experimental data also 
appear to confirm that modes B and C are the most energetic of the symmetric modes, as 
discussed above. 
Leak location calculations were performed by using data collected at both 10 and 60 
PD. Because a repeatable source was used to collect the data, an experiment was 
performed mathematically, where two sensors located 70 PD apart received leak signals 
from a source located 10 PD from one of the sensors. The data were transformed as above, 
and a prominent axi-symmetric mode present in both the 10 and 60 PD data sets, in this 
case mode C, was cross-correlated to determine the source location. The same experiment 
was then performed using simulation data. The theoretical and experimental results are 
presented in Figures 6a and b. 
The results show that for this simple situation, leak locations can be determined 
using the time-space transformation method. Both theoretical and experimental plots 
clearly indicate a leak at 1.7 ft. (10 PD) from one of the sensors. Despilethese results, 
however, it is not currently possible to perform this type of location with existing 
commercially available equipment. 
SECOND LOCA Tl ON METHOD: TIME-FREQUENCY ANALYSIS 
Another possible approach to developing a more sophisticated leak location 
algorithm involves the analysis of the frequency spectra of cross-correlation results from 
which Figures 1a and bare derived. Model based analysis reveals that these spectra consist 
of a sum of components, each representing the cross-correlation of different modes 
received by the two sensors. A time-frequency analysis, related to a wavelet analysis, aids 
in separating these cross-product terms. Consider the following expression of a time-
frequency analysis using a windowed Fourier transform with a frequency-scaled window 
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Figure 5a, b: Theoretical and experimental dispersion relations 
W(w",y) = JvA(w)V B'(w)eßr'<w-w">'-,r<w-w">dw , (8) 
where ß controls the relative width of the y-scaled window. Note that if ß = 0, the 
expression reduces to the cross-correlation. Substituting the model (Equation I), the 
expression becomes 
WAB (w", y) = L f ;( (w)A:, (W)e'<x.<w>z.-x."(w>ze> eßr'<w-w" )2-ly(w-w") dw. (9) 
nm 
To better understand the output, a series exr,ansion is performed on the wavenumber and 
amplitude expressions. The relation for W 8 ( W0 , y) then becomes 
WAB(W y)::: ~ A (W )A' (W )e'<x"<«>"JzA-x."<w">zeJG(W Y) 
o' .L..J n o m 11 o' (10) 
where 
G(w y) = 1 e- [(l -x;<w")zA - x;,,(w")zo)ly]21(4ß) (11) 
o' 2y.Jiij . 
Now, defining a function F,f W0 ) to be the difference in travel time for modes i and j to 
reach locations A and B at frequency Wo, 
~/W", y) = g;(w")zA- g; (W")Z8 (12) 
and evaluating G( WmT.l W0 )), we find that for small values of ß, the expression behaves as 
a 8-function, meaning that Equation 10 can be approximated by 
(13) 
Essentially, G( Wo.T.l W0 )) selects the modepair nm, i.e. picksout the contribution of the n-
m cross-product. As a result, Equation 13 has form similar to the original cross-correlation 
and can be substituted back in to the location algorithm defined by Equation 4. 
A plot of a time-frequency analysis of simulated data is presented in Figure 7a. The 
geometry of the distribution of energy in the w-t plane is a function of the differences in 
energy velocity of the various modes, the distance between the sensors, and the distance to 
the source. Fora given pipe configuration and sensor locations, a change in the source 
location produces a distinct scaling of the geometry of this energy distribution. 
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Figure 6a, b: Source location using spatial-temporal transformation method 
The approach for determining the leak location outlined above is demonstrated 
below in Figure 7b, which shows the results of a time-frequency transformation on curves 
representing the mode A, B, and C component contributions. A location prediction is 
obtained similar to the prediction one would get from a cross-correlation in an ideal , non-
dispersi ve system. 
An even more interesting result is obtained by applying the processing of Equations 
8-13 to the output from a single probe, as seen in Figures 8a and 8b. These results indicate 
that it is theoretically possible to determine leak-to-source distance with a single sensor. 
(Note, however, that leak direction (i.e. left or right of the sensor) is still ambiguous.) 
Along the same lines, a two-probe location can be performed even if the sensors do not 
bracket the leak. 
To date, experimental confirmation of this technique has not yet been obtained. 
Preliminary transforms of experimental data do not match the results predicted in Figure 7a 
and 8a. One possible explanation is contamination of the process by non-symmetric modes 
not accounted for by the model. Work is currently underway to further refine the technique. 
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Figure 7a, b: Time-frequency analysis and location using two probes 
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Figure 8a, b: Time-frequency analysis and location using one probe 
CONCLUSION 
30 
Due to the highly dispersive nature of a fluid-filled pipe system, traditional cross-
correlation techniques do not perform weil for acoustic leak location. To address this issue, 
an analytical model has been developed to gain first-principle understanding of pipeline 
acoustic propagation, and two different approaches have been explored to account for 
dispersion effects in leak location algorithms. The first approach, a time-space 
Iransformation method, has demonstrated the ability to accurately locate a noise source in 
Simulations and beneh-top experiments. The second approach, a time-frequency 
Iransformation method, has theoretically shown the capability to locate leaks with either 
one or two probes, although no experimental confirmation has yet been obtained. 
Future work is expected to focus on improving the time-frequency method and verifying 
the algorithm experimentally, extending the experimental work to longer, more complex 
pipeline systems, and incorporating non-symmetric modes into the existing pipeline model. 
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